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Microscopic theory of thermoelectric properties of silicon nanowires
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We present predictions of the thermoelectric figure of merit (ZT) of Si nanowires, as obtained
using Boltzman transport equation and ab-initio electronic structure calculations. We find that ZT
is strongly dependent on the nanowire growth direction and surface reconstruction and we discuss
general rules to select silicon based nanostructures with combined n-type and p-type optimal ZT.
In particular, our calculations indicate that 1 nm wires grown in the [001] and [011] directions can
attain ZT values which are about twice as high as those of ordinary thermoelectric materials.

Recent progress in nanomaterials synthesis has enabled
the growth of semiconducting nanowires (NWs) with
a range of sizes, growth directions, and surface struc-
tures. [1-4] These wires exhibit a strong size dependence
of their electronic and optical properties [5-8], and are
attractive candidates for photovoltaic devices, photode-
tectors, field-effect transistors [9, 10], inverters, [11] light-
emitting diodes and nano-scale sensors. [12, 13]

Among the numerous potential applications of silicon
NW, recent studies have focused on their promise as ther-
moelectric (TE) materials with a so called improved fig-
ure of merit (ZT) [14-16]. The suitability of a system
to convert heat into electricity or electricity into heat is
usually quantified in terms of ZT, which is defined as:
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ZT =0 (1)
Here S is the Seebeck coefficient, o is the electronic con-
ductivity, and ke, k; are the electronic and lattice contri-
butions to the thermal conductivity.

For several decades, many investigations have focused
on the search for materials with a high TE figure of merit,
but it has been extremely challenging to find any system
with ZT higher than 1 [17]. Recent experimental studies
have suggested that the value of ZT can be significantly
increased by incorporating nanostructures into bulk ma-
terials. [18]. In particular, it has been proposed that
at the nanoscale, quantum confinement may provide a
mechanism for engineering systems with reduced electron
and hole masses, and hence increased mobilities, which in
turn could lead to increased values of the electrical con-
ductivity. Additionally, at the nanoscale the large surface
to volume ratio may increase the scattering of phonons
by the surface, thus decreasing the thermal conductivity
(K1), compared to bulk values, and increasing the TE fig-
ure of merit. [16, 19-25]. However, a mere size reduction
and possible decrease in effective masses do not necessar-
ily lead to an improved figure of merit; indeed quantum
confinement is expected to increase surface scattering of
electrons, which would lead to a reduction of o. There-
fore, predicting nanoscale effects on thermoelectric prop-
erties requires quantitative calculations of o, k., x;, and
S for specific systems, and a thorough understanding of

how electronic properties determine these transport co-
efficients, whose values are inter-dependent in a complex
manner.

In this Letter, we report on atomistic calculations of
the thermoelectric figure of merit of silicon nanowires
(SINW), a prototypical, nanostructured material for
thermoelectric applications. A combination of Molecular
Dynamics (MD) simulations, Density Functional Theory
(DFT) structural and electronic calculations, and Boltz-
mann Transport Equation (BTE) simulations are used to
provide a microscopic theory of thermoelectric properties
of silicon nanowires and to predict how to design silicon
based materials with improved ZT.

We studied hydrogen terminated SINWs grown along
the [001], [011] and [111] directions, with diameters of
1.1-1.2 nm, and surfaces with canted SiHs dihydrides
and (2x1) reconstructed surfaces. In a previous work [26]
we showed that SINW with surfaces terminated by sym-
metric SiHy dihydrides are metastable, therefore we do
not consider those geometries here. Figure 1 shows side
views of the SiNWs for each growth direction (Fig. 1a)
and the two surface structures (Fig. 1b) considered in
this work. The relaxed atomic and band structures for
each SINW were calculated using DF'T following the pro-
cedure described in Ref.[26]. Having obtained the band
structure, electronic energies and velocities, the electrical
conductivity o, the electronic contribution to the thermal
conductivity, k., and the Seebeck coefficient, .S, were ob-
tained from the solution of the one dimensional Boltzman
Transport Equation (BTE) in the constant-relaxation-
time approximation (RTA):

o = A0,
r = %[A@)—A(l)(A(O))*lA(”],
e
S = LT(A(()))”A(” where
e
2@ = 7 [ D0 - e @

Here e is the charge of carriers, T is the temperature,
f(g) is the Fermi distribution function, e(k) is the energy
associated with a given wave vector k, 7 is the relaxation
time, v(k) is the group velocity, and u is the electronic
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FIG. 1: (Color online) Fully relaxed 1.1lnm Si NWs: (a) in
three different growth directions [001], [011], and [111], and
(b) with two different surface geometries.

chemical potential. The velocity v(k) is calculated from
the band structure:

~ 1ée(k)
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We assumed that transport in SINWs occur in a diffusive
regime, and o, S, and k. were evaluated by considering
only elastic scattering processes. Inclusion of non-elastic
scattering would call for the use of approaches beyond
the RTA. We note that Gilbert et al., [27] have recently
suggested that transport is expected to switch from bal-
listic to diffusive in SINWSs longer than 1.4 nm. The wires
considered here represent macroscopically long wires, as
periodic boundary conditions in the wire growth direc-
tion were used in our calculations.

The relaxation time, 7, is a complex function of the
atomic structure, electron energy, temperature, and car-
rier concentrations 7 = 7(¢, T'). In systems with low dop-
ing and low carrier concentrations, 7 is limited by phonon
scattering. For high doping and carrier concentrations, 7
is limited by impurity scattering. The goal of our work is
to determine the effect of a SINW’s growth direction and
surface structure on its TE figure of merit. Therefore,
the values of 7 were obtained by fitting ¢ values, calcu-
lated using Eq.(2), to experimentally measured, carrier
concentration dependent mobility data.[28]

Fig. 2 shows the calculated o, k., S, and ZT, as a
function of carrier concentration for p- and n-type 1.1 nm
SiNWs with different growth directions, at 300K. Values
of the lattice contribution to the thermal conductivity
were obtained by using molecular dynamics calculations,
and they will be discussed in detail elsewhere [29]. For 1
nm wire with pinned surfaces (which best represent rough
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FIG. 2: (Color online) Calculated o, ke, S, and ZT of p-type
(dashed lines) and n-type (solid lines) doped 1.1 nm SiNWs
grown along the [001], [011], and [111] directions.

surfaces obtained experimentally), we obtained values of
about 2.0 W/mK, that are close to the experimental data
recently reported for NWs with larger diameters [30] and
to those computed in Ref. [31]. The carrier concentration
n, is defined as n = [deN(e)f(g), where N(e) is the
electronic density of states. In this model, n represents
the concentration of charge carriers in a system which is
artificially doped by varying the chemical potential, while
assuming a fixed band structure.

Figure 2 shows that as the concentration of electrons
or holes increases, both ¢ and k. increase as more carri-
ers are available to transport both charge and heat, while
the Seebeck coefficient decreases with increasing carrier
concentration. In addition to a dependence on carrier
concentration, o, ke, and S also show a strong depen-
dence on growth direction arising from differences in the
band structure. For SINWs grown in the [011] direction,
the conduction band minimum (CBM) is highly disper-
sive, and the electronic states are delocalized in the di-
rection parallel to the SINW axis. In contrast, the CBMs
in the [001] and [111] SiNWSs are oriented in the direction
diagonal and perpendicular to the NW axis, respectively,
and the band structures are much flatter (see Ref. [26]).
Consequently, the [011] SINWs have the lowest effective
mass and highest values of o and k. for a given carrier
concentration. Therefore, if one is only interested in se-
lecting wires with the highest electrical conductivity, our
simulations predict that the [011] growth direction is the
most promising.

However, for TE materials, the challenge is not simply
to maximize the electrical conductivity, but to engineer
an electronic band structure which maximizes the TE fig-
ure of merit(see Eq. 1). Figure 2 shows that ZT initially
increases with carrier concentration as o increases. At
higher carrier concentrations, the increase of k. and de-



crease of S result in a net decrease of ZT. Therefore,
for a given growth direction and type of doping, there is
an optimal carrier concentration which yields the maxi-
mum attainable value of ZT. For the 1.1 nm wires shown
in Fig. 2, these optimal carrier concentrations vary be-
tween 10'® and 10%° cm—3, producing maximum ZT val-
ues ranging from 0.6 to 2.6. These results demonstrate
that nanoscale confinement, together with the choice of
specific geometries at the microscopic scale, may be used
to dramatically enhance the ZT value of silicon, com-
pared to its bulk value of 0.02.

The values of ZT shown in Fig. 2 are likely to represent
a lower bound to the actual ZT of a NW, as the 7 values
are fitted to bulk experimental mobilities and those of a
nanometer sized wire are expected to be larger than in
the bulk. In order to estimate the difference in mobilities
between NWs and the bulk, we performed ab-initio, DE'T
calculations of scattering rate for representative samples
of boron doped bulk Si and of a 1.1 nm NW (with a
carrier concentration of ~ 8 x 102 em™2 and B in the
interior of the NW). We followed the procedure outlined
in Ref.[32]. For constant 7, one has: 771 o |T'|? - DOS,
where |T'| is a scattering matrix element and DOS is the
joint density of states for the transition contributing to
|T|. We found that intra-valley scattering at the band
extrema is dominant for both the NW and the bulk, and
we therefore approximated |T'| with its value at the band
extremum, using the Born approximation, and we calcu-
lated the average DOS over 5kpT (here T is the tem-
perature and kp the Boltzmann constant). We obtain
Twire/Toulk &~ 1 — 4, thus confirming the intuitive expec-
tation of larger relaxation times in a small nanowire, with
respect to bulk values.

When selecting an optimal growth direction for a TE
material constructed from SiNWs, one should also con-
sider the level of doping required to achieve a given ZT
value. For example, [001] SINWs have a higher n-type
ZT value of 2.6 compared to 2.1 for [011] direction; how-
ever a carrier concentration of 1x10%2° cm™—2 is required
to achieve it, compared to only 1x10'® cm =3 for the [011]
case. Given that the maximum doping concentration ob-
tainable in bulk Si is of the order of 102! cm ™3, reaching
a doping level of 102° cm™3 in a 1 nm SiNW may be
challenging. Therefore, from a practical point of view,
the [011] growth direction is probably the best candidate
for TE materials.

To produce a TE device, one needs to combine p- and
n-type wires into a parallel structure, such as that pro-
posed by Mujamdar et al. in Ref. [18]. The maximum
overall ZT for such a structure can be obtained by us-
ing NWs with appropriate doping types (n- or p-type),
concentration, and growth direction. For instance, com-
bining the n-type [011] with a doping concentration cor-
responding to the max ZT (1x10'?) and p-type [111] with
a doping concentration of 3x10'9 will yield a device ZT
value of 1.9 (see Fig. 2).
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FIG. 3: (Color online) Lorentz number as a function of carrier
concentration, n for SINWs with [001], [011], and [111] growth
directions.

More insight into the dependence of ZT" on carrier con-
centration can be gained from examining the ratio of the
electronic to thermal conductivity, i.e. the Lorentz num-
ber, k./oT. Figure 3 shows a plot of the Lorentz number
as a function of electron concentration for n-type SINWs
for three different growth directions. This number de-
pends on the details of the band structure. Eq. (2) shows
that while the electronic conductivity, o, depends only on
the velocity of carriers at a given k-point, v(k), the elec-
tronic contribution to thermal conductivity also depends
on the energy transported by a carrier at that k-point,
€(k). Therefore, the magnitude of energy gaps within the
conduction band will affect how doping can be achieved
and thus the values of the electronic contribution to the
thermal conductivity. For example, when the carrier con-
centration increases above 1x10'® the second lowest con-
duction band in the [111] wire becomes occupied. This
second band has a relatively low electron velocity, and it
makes only a small additional contribution to the elec-
tronic conductivity. However, the higher energy, ¢(k), of
this second band makes a larger contribution to the elec-
tronic component of the thermal conductivity, k., and a
sharp increase in the Lorentz number is observed. There-
fore, when designing an optimal thermoelectric device,
one needs to extend the standard concept of band-gap-
engineering to band structure-engineering, where several
energy splittings in the conduction bands of the systems
are also optimized.

Finally, in addition to examining the dependence of
the figure of merit ZT on growth direction, we also ex-
amine its dependence on the surface structure of the
SiNWs. Figure 4 compares the carrier dependence of ZT
for n-type SiNWs with canted dihydride and (2x1) recon-
structed surface structures. The NW diameter of 1.2nm
is used for the case of [111], since NWs with smaller diam-
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FIG. 4: (Color online) The figure of merit as a function of
carrier concentration for n-type SINWs with two different sur-
face structures and the three growth directions [001], [011],
and [111]. The NW diamter is 1.2nm for [111] direction and
1.1nm for others.

eters do not have surface reconstruction. For [001] and
[111] wires, the surface reconstruction produces a small
band splitting at the conduction band minimum. [26]
This results in a partial occupation of the higher en-
ergy bands, resulting in a smaller value of k. and hence
a smaller maximum value of ZT. In the case of [011]
wires, there is a large splitting between the first and sec-
ond conduction bands, for both canted and reconstructed
surface, so the maximum value of ZT is relatively unaf-
fected by the surface reconstruction. These results again
emphasize the need to optimize not only the band gap,
but also band splittings and effective masses of a given
material, in order to optimize its value of ZT.

In conclusion, we have employed a combination of first-
principles electronic structure and Boltzmann transport
calculations to predict the thermoelectric figure of merit
of silicon nanowires. Our results show that SINWs are
good candidates for fabricating thermoelectric materials.
We predict a lower bound for the combined n- and p-
type figures of merit, as high as 2, which is two orders of
magnitude larger than that of bulk silicon. By changing
the growth direction and NW diameter, or by tuning the
surface structure via chemical etching or heat treatment,
it is possible to engineer SINWs with a wide range of
technologically important electronic and thermoelectric
properties. In principle, it should also be possible to fur-
ther optimize NW thermoelectric properties by alloying
silicon with other elements, such as germanium, and we
are currently investigating this possibility.
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